Although Bergmann's rule -stating that among closely related species, the bigger ones will inhabit the colder climates/ higher latitudes -was formulated for inter-specific comparisons, most analyses that tested this pattern in mammals were on an intra-specific level. To date, no large-scale taxonomy-driven cross-species evaluation of the pattern predicted by Bergmann exists. Here we show, in a dataset comprising 3561 mammal species from 26 orders, that while there is no significant correlation between latitude and body mass using conventional methods, this correlation is highly significant when the phylogenetic structure of the dataset is accounted for, thus supporting Bergmann's claim that the rule only applies to closely related species. Analyses of different subsets indicate that the Bergmann's rule is evident across a variety of latitude ranges. In many taxonomic subsets, when analysed alone, there is no significant correlation between body mass and latitude. In combination with both the significant relationship in the overall dataset and with results of intra-specific analyses from the literature, this suggests that Bergmann's rule describes a fundamental principle within mammals, but that its expression has been modified by a variety of factors during mammalian diversification yet to be resolved.
hypothesized that due to surface-volume ratios and the resulting effects on temperature regulation, animals of a 'similar organisation' should be of larger body size if they inhabit higher latitudes. Although there has been a historical debate whether the resulting rule, 'Bergmann's rule', should apply intra-specifically or inter-specifically (Blackburn et al. 1999 , Pincheira-Donoso 2010 , Watt et al. 2010 , Meiri 2011 , the original text leaves no doubt that the author considered his mechanism to apply generally, i.e. both across and within species (see Supplementary material Appendix 1 for a translation of Bergmann's original manuscript). The evidence Bergmann (1848) provided for his hypothesis, albeit qualitatively, is summarized by the author as the number of bird genera that showed the predicted sizelatitude cline across their species.
In contrast to this inter-specific approach, the majority of work testing this pattern in mammals and birds focused on intra-specific comparisons; the decision on whether Bergmann's rule applied or not is thus usually based on the number of species in which the pattern can be demonstrated intra-specifically (James 1970 , Ashton et al. 2000 , Ashton 2002 , Meiri and Dayan 2003 , de Queiroz and Ashton 2004 , Meiri et al. 2004 , Watt et al. 2010 . Using the intra-specific relationship between latitude (or another environmental proxy) and body size as a species-specific characteristic, usually expressed as the correlation coefficient, inter-specific comparisons in mammals have tested for relationships of this correlation coefficient with body size (Freckleton et al. 2003 , Diniz-Filho et al. 2007 ), geographical range ), or phylogeny (de Queiroz and Ashton 2004) . Inter-specific comparisons that directly link a species body size to a single value that characterises its geographic or environmental habitat were mostly restricted to ectothermic organisms (Lindsey 1966 , Kaspari and Vargo 1995 , Adams and Church 2008 , Pincheira-Donoso et al. 2008 , OlallaTárraga et al. 2010 , Watt et al. 2010 , birds (Blackburn and Gaston 1996) , or to assemblages of defined geographic ranges (Blackburn and Hawkins 2004 , Rodríguez et al. 2006 , Morales-Castilla et al. 2012 or global scale (Olson et al. 2009 ). In the assemblage approaches, it is not the variation within taxonomic lineages that is analysed primarily, but the variation in whole animal assemblages consisting of all taxa present at different geographical units. The only mammal groups in which an inter-specific pattern was to our knowledge investigated at higher taxonomic level, similar to the approach taken by Bergmann (1848) himself, are carnivores (Gittleman 1985 , Diniz-Filho et al. 2007 , primates (Harcourt and Schreier 2009) and ruminants (Zerbe et al. 2012) .
The work on carnivores and ruminants demonstrated two important restrictions in assessing the pattern in a large inter-specific dataset: a) the pattern only emerged when the phylogenetic structure of the dataset was accounted for, indicating that the rule is only evident, as Bergmann (1848) EV-2 suggested, on the level of closely related species but not in the overall dataset; b) in ruminants, the pattern was only evident if African species were excluded, i.e. the majority of tropical species. Previous intra-specific analyses had shown that tropical species do not follow the expected pattern as often as temperate species (Meiri and Dayan 2003) . Additionally, the fact that larger species (of a taxonomic unit) occur at all latitudes, whereas smaller ones occur mainly at lower latitudes (Harcourt and Schreier 2009 ) will contribute to this phenomenon.
Here, we tested the relationship between latitude and body mass (M ) in a large dataset of mammal species. Our prediction was that whereas no significant relationship between M and latitude would be evident using an analysis that does not account for the phylogenetic structure of the dataset (here, ordinary least squares, OLS), whereas such a relationship would be evident if that structure was accounted for (here, using phylogenetic generalized least squares, PGLS) -in other words, that the pattern predicted by Bergmann's rule can be demonstrated inter-specifically across mammal species. We expected the relationship to be more distinct if the maximum latitude rather than the median latitude for the species' distribution was used. We also tested whether the same pattern could be found in different taxonomic subsets, to compare inter-specific patterns with those identified intra-specifically within different taxonomic groups (Meiri and Dayan 2003) . Finally, because it has been suggested that the size-latitude cline, if related to Bergmann's original heat conservation hypothesis, should only occur in temperate to cold areas (Rodríguez et al. 2008) , we analysed the dataset using a variety of latitude thresholds; we expected that the inclusion of more tropical species would dampen the pattern (Zerbe et al. 2012 ).
Methods
Data on body mass M and (absolute) median and maximum latitude of geographical distribution were taken from the PanTheria database (Jones et al. 2009 ) for all species for which this information was available, and then linked to a mammal supertree (Bininda-Emonds et al. 2007 , resulting in a dataset of 3561 species from 26 orders (Fig. 1) . We are aware that neither median latitude (corresponding to the 'midpoint approach' in Blackburn and Hawkins 2004, e.g . also used by Harcourt and Schreier 2009) nor maximum latitude optimally reflect a species' distribution range Thomas 2007, Olalla-Tárraga et al. 2010) , but this approach is necessary in a broad-scale taxonomy-based comparison where one value for latitude and M are assigned per species (Gittleman 1985) . As explained by Blackburn and Gaston (1996) , geographical midpoints such as median latitude may be poor descriptors of the geographic range of large and widespread species. According to these authors, using midpoints will therefore make a detection of Bergmann's rule more difficult. This is because a species that occurs, for example, on both sides of the equator to latitudes of about 20°, will have a median latitude of 0°. For this reason, the median latitude approach, while the best compromise to describe a species actual geographical range in one datapoint, could be considered conservative with a comparatively restricted chance to confirm Bergmann's rule. In contrast, the maximum latitude approach might better describe the ecological potential of a species, and might hence be more suitable to detect Bergmann's rule. Note that such limitations need not apply to either assemblage-based approaches where individual species can occur multiple times with their different respective M typical for the different geographical locations, or for intra-specific comparisons where, by definition, different M (or its proxies) are used for specimens originating from different geographical ranges.
We tested for a relationship between log-transformed M as the dependent, and absolute latitude as the independent variable in the whole dataset and in taxonomic subsets. Additionally, to test whether the exclusion of tropical or temperate species had an effect on the result, species occurring above or below (absolute) latitude thresholds were excluded in a stepwise procedure (excluding species whose latitude range lay outside of the chosen range that was modified in 1°-steps). This was done first using generalized least squares as ordinary least squares (OLS), i.e. without accounting for the phylogenetic structure of the dataset; subsequently, analyses were repeated using phylogenetic generalized least squares (PGLS) with a variance-covariance matrix of the data based on phylogeny. The influence of phylogeny on M-patterns in mammal lineages is well-documented (Smith et al. 2004 ). For PGLS, we set l, the character describing the phylogenetic signal (Pagel 1999 , Revell 2010 , fixed at 1 (for the series of the analyses with shifting latitude thresholds), and we additionally calculated l for the whole dataset and the various taxonomic subsets. l is calculated by maximum likelihood in PGLS and can vary between 0 (no phylogenetic signal) and 1 (the observed pattern is predicted by the phylogeny; similarity among species scales in proportion to their shared evolutionary time, assuming a Brownian motion model of evolution) (Pagel 1999 , Freckleton et al. 2002 . As a caveat, it must be noted that Ornstein-Uhlenbeck and early burst models of evolution describe the distribution of M for several mammalian orders better than the Brownian motion model (Cooper and Purvis 2010) . To test whether the use of PGLS was adequate, we compared the fit of OLS and PGLS approaches for the complete dataset using their respective model log-likelihoods, and compared by the likelihood ratio test using a c 2 -distribution (Pagel 1999 , Freckleton et al. 2002 . 
EV-3
Statistical tests were performed in R ver. 2.15.0 (R Development Core Team) using the packages ape (Paradis et al. 2004) , caper (Orme et al. 2010) , nlme (Pinheiro et al. 2011) and phytools (Revell 2012) . In contrast to a common recommendation (Freckleton 2009 ), we display results of both OLS and PGLS analyses. We do this because different combinations of results in OLS and PGLS require different interpretations (Supplementary material Appendix 2). If OLS yields a significant result but PGLS does not, this does not necessarily refute the hypothesis in general, but can also indicate that in the taxonomic subset analysed, taxonomic diversification mirrored the pattern described by the rule under investigation. Only if taxa are included that diversified for other reasons will the rule then become evident in PGLS.
For a comparison with intra-specific analyses, we added the number of species of taxonomic subsets in which Bergmann's rule has been or has not been observed from Meiri and Dayan (2003) to our results.
Results
Despite of the high n in the overall dataset, OLS did not yield a significant result. In contrast, there was a significant positive relationship between both median and maximum latitude and M in PGLS in the overall dataset (Table 1 ). Pagel's l was calculated at a value very close to 1.0, indicating that both M and latitude have a strong phylogenetic signal. The log-likelihoods in the default PGLS model with l  1 and with actually calculated l of 0.99 were both distinctively higher than the one for the OLS model (Table 1) , and a c 2 comparison between the log-likelihoods of OLS and PGLS correspondingly indicated a highly significant difference (p  0.0001) in each case, corroborating that the PGLS models provided a better data fit. The analysis of the whole dataset thus represents a typical, rare example where statistical tests that account for the phylogenetic structure of the data (PGLS) detect a pattern, but those not informed by phylogeny fail to support the biological hypothesis (cf. Fig. 1 on p. 147 in Baker 2002 , Meloro and Raia 2010 , Müller et al. 2011 , Zerbe et al. 2012 . Note that as expected based on theoretical considerations (Supplementary material Appendix 2), the standard error (SE) of the intercept a is much larger in PGLS than in OLS, whereas the opposite is true for the regression slope b (Table 1) .
The maximum latitude-M cline was significant in PGLS when tropical species were excluded, and became insignificant only when the lower latitude range was at 57°; in OLS, the cline was significant when the lower latitude range was between 12-21°, and from 35° onwards (Fig. 2a) . When excluding species from higher latitudes, the cline was basically always significant in PGLS, with the only exception of an upper latitude range limit of 11°; in OLS, the cline was significant below an upper latitude range limit of 33° (Fig. 2b) . While the finding in PGLS indicates the cline Table 1 . Model outputs for ordinary least squares (OLS) and phylogenetic generalized least squares (PGLS) analysis of the relationship (log-transformed) body mass  a  b latitude for the complete dataset (n  3561 species from 26 orders). Figure 2 . p-values for the correlation between absolute maximum latitude and body mass (M) in mammal species, with (a) stepwise exclusion of species below a latitude threshold, (b) stepwise exclusion of species above a latitude threshold, analysed with ordinary least squares (OLS), i.e. without accounting for the phylogenetic structure of the dataset, and with phylogenetic generalized least squares (PGLS with fixed l  1), i.e. accounting for the phylogenetic structure; all significant correlations were positive. Grey dots indicate the sample size of the species set. 
Median latitude p
Maximum latitude p Bergmann's rule present/absent No. of species (Meiri and Dayan 2003) Order Family Gittleman (1985) among closely related species in the sense of Bergmann's rule, the finding in OLS reflects on the one hand the fact that the lower body size threshold increases with increasing latitude, and on the other hand that species with an intermediate and high body mass become comparatively sparse at higher latitudes (Fig. 1) .
In the individual analysis of orders and families, the analyses using median and maximum latitude yielded mostly similar results; yet, the latitude-M cline was more often significant if maximum rather than median latitude was used, corresponding to our reflections in the Methods section (Table 2 ). In particular, the cline followed Bergmann's rule in Artiodactyla and Carnivora if maximum latitude was used; in contrast, the cline was significant in Rodentia with median but not with maximum latitude (Table 2) .
EV-5 Of the 18 orders that were analysed individually, PGLS indicated a significant maximum latitude-M cline in 6 cases (Didelphimorphia, Dasyuromorphia, Primates, Artiodactyla, Chiroptera, Carnivora) ( Table 2 ). For Rodents, there was a difference in the PGLS result depending on whether l was fixed or not; when l was calculated, the resulting relationship was not significant. In additional analyses of families (Table 2) , there were cases where there was no significant relationship in OLS but a significant or close to significant positive one in PGLS (e.g. Bovidae, Canidae), a significant positive relationship in OLS but no significance in PGLS (e.g. Cebidae, Cervidae, Emballonuridae), and significant positive (e.g. Cercopithecidae, Talpidae) and negative (Soricidae) relationships in both analyses.
When comparing the results on an order or family level to findings from intra-specific studies (last column in Table 2 ), existing data indicates similarity at inter-specific and intraspecific level particularly in Primates/Cercopithecidae, Chiroptera/Vespertilionidae and Carnivora/Canidae as examples where Bergmann's rule is followed. Interestingly, the Heteromyidae and the Mustelidae, in species of which the intraspecific pattern mostly or often does not follow Bergmann's rule, respectively, also did not show the pattern at interspecific level. In many groups, especially in the Diprotodontia and the Felidae, where a larger number of species was analysed intra-specifically, the intra-specific size-latitude cline was not found at the inter-specific level; the same difference was evident in the cervids, where in the inter-specific comparison the pattern was significant in OLS but not PGLS. In the Muridae, in which larger numbers of species both do and do not follow Bergmann's rule intra-specifically, results of the inter-specific analysis were particularly heterogenous with different results in OLS and PGLS with fixed and with calculated l (Table 2) .
Discussion
The results confirm that within the dataset, with its limitations due to the use of one M value and one latitude per species, the majority of closely related species statistically follows Bergmann's rule. However, a non-exhaustive variety of additional analyses performed here suggest that the pattern, while significant at various latitude thresholds, cannot be detected in many cases of lower-level taxonomic analyses. This has consequences for our interpretation of the universality and characteristic of Bergmann's rule, and for approaches investigating it.
A challenge to understand type 2 error situations in comparative analyses, especially with datasets as large as the one used here, is that it is difficult to represent the result in an easily accessible, graphical way. Examples for the graphic representation of data are given for hystricomorph rodents (Fig. 3) and artiodactyls (Fig. 4) . Note that for the preparation of these graphs, taxonomic groups were selected that visually appear to follow Bergmann's rule; it would be just as easy to present examples in which this is not the case. Conceptually, a problem with the understanding of PGLS results is that one cannot fix the pattern to a certain taxonomic classification level such as 'Order' or 'Family'. The distinction of these taxonomic levels implies a (historical) arbitrariness anyhow, so that e.g. a 'Family' in one Order might rather correspond to a 'Genus' in another Order; for the same reason, simply counting the number of Orders in which a pattern can be detected is no test of the pattern itself. Even down to Genus level, the PGLS result will be determined by relationships that can, in their complexity, not be easily visualized in scatter plots.
de Queiroz and Ashton (2004) noted that the tendency to show a body size cline with latitude (that corresponds to Bergmann's rule) is by definition either a property of the species (if the rule is assessed intra-specifically) or of a taxonomic group (if the rule is assessed inter-specifically), rather than an organismal property; an organism itself cannot form a cline. This fact itself makes assessing Bergmann's rule different from other studies on convergence or symplesiomorphy in that the rule can only be detected if closely related species are included in the analysis. In intra-specific analyses, this condition is automatically met; in inter-specific analyses, this can only be guaranteed by the use of statistical procedures that account for the phylogenetic structure of the dataset, and by the inclusion of the highest number of species possible.
Convergence is investigated by comparing species or taxonomic groups from different phylogenetic lineages for the presence of a common characteristic expressed when living in similar niches or exposed to the same environmental conditions. In such studies, controlling for phylogenetic relationships is usually employed to determine whether the common characteristic actually does occur in different phylogenetic lineages, or whether the finding is simply due to an uneven distribution of different phylogenetic groups in the dataset (Harvey and Pagel 1991) . Therefore, the result that in different taxonomic lineages, larger body sizes are found at higher latitudes could indicate convergence among mammals in this respect. The finding that this effect is not found if only animals from very high (Fig. 2a) or extremely low latitudes (Fig. 2b) are investigated indicates that for the convergence to become evident, a certain range of latitudes needs to be included to yield sufficient resolution. In other words, Bergmann's rule would emerge as a convergence among animals exposed to a temperature or resource gradient that spans a certain range.
The interpretation of Bergmann's rule as a convergence is contrasted by the result that the size-latitude cline cannot be detected in many individual mammalian orders (Table 2) . Actually, a characteristic that can be detected at the most basic level of a phylogenetic lineage (here, the whole mammal dataset) but not in all individual subsets could be considered a symplesiomorphy. Using the intra-specific approach to Bergmann's rule, de Queiroz and Ashton (2004) combined information on the presence and absence of the body size-latitude cline in individual species and a comprehensive phylogeny to show that the tendency to follow Bergmann's rule is ancestral for tetrapods. The question is, however, if the tendency to show the cline is really a heritable characteristic (as one would have to postulate, if one considered it either a convergence or a symplesiomorphy; cf. Stillwell 2010), or whether it is simply an indication for the presence of common selection pressures to which most species respond in the same way without being particularly (genetically) adapted to them. The absence of the cline in certain species or lineages similarly need not indicate the change of a genetically fixed adaptation, but simply (historical) modifications of the selective pressures as they apply to this species or lineage. In our view, a parsimonious interpretation of the results of this study, as combined with findings on intra-specific size-latitude clines, is that Bergmann's rule represents a general selection pressure operating, in principle, on all mammals in general, but which is modified by a EV-7 size-latitude cline was not significant if only very high latitudes were considered (Fig. 2a) , indicate that either both Bergmann's original concept or the fasting endurance concept do not apply, or that they are modified by additional constraints; evidently, resource availability might represent such a modifying constraint. Within latitudes, variations in temperature, altitude or humidity will have additional effects. Latitude itself -while convenient for a large-scale comparison that tests for the existence of the pattern -is not the covariable with which causes for the pattern can be explored (Hawkins and Diniz-Filho 2004) ; one should note, however, that other covariables such as temperature might also only represent a proxy for an unknown factor rather than the cause itself. Most importantly, because the differences in results at different taxonomic levels suggest historical influences, correlations with any one set of recent measurements may not yield reliable insights. A perhaps astonishing result of this study was that even if only tropical species were considered, Bergmann's latitude-M cline could be demonstrated (Fig. 2b) , in contrast to expectations voiced in the Introduction. This is also in contrast to the finding that in intraspecific comparisons, tropical species show the latitude-M cline less frequently than temperate species (Meiri and Dayan 2003) . In the tropical latitude range, the relevance of temperature conservation, fasting endurance or resource availability has not been postulated so far. More detailed analyses of tropical species might therefore reveal additional factors relevant for the cline.
The results of our study demonstrate that Bergmann's rule is well-supported inter-specifically for mammals in general when phylogenetically-informed statistics are used. More detailed, parallel investigations into the body size distribution in various mammal groups, such as taxonomic lineages, extant and extinct or allochthon and autochthon species (Morales-Castilla et al. 2012) , groups from distinct biogeographic origins (Holt et al. 2013) , or groups of different physiological, ecological or life history characteristics, potentially also evaluating the species-specific latitude range rather than only a midpoint or maximum point (Diniz Filho et al. 2012) , might elucidate which additional causes play a role in the origin of the pattern described by Bergmann's rule.
variety of other factors. In this sense, Bergmann's rule actually is an ecological rule and neither a convergence nor a symplesiomorphy; the effects of this putatively fundamental rule might be overwritten by various other modifications over evolutionary time, to the point that it can no longer be detected in particular datasets. Bergmann himself had already alluded to this possibility (Supplementary material Appendix 1). Another important possibility is that the quality of the data used here -for body mass, geographical range, or for phylogenetic relationships -is of sufficient resolution to detect Bergmann's rule at the level of a large dataset but not in smaller individual subsets where inaccuracies gain relatively more weight.
It is an important question what other factors operate and shape the overall pattern of mammal body size distribution, and at which taxonomic or geographic level. Such modifying effects for Bergmann's rule might originate from a variety of historical conditions, such as human impacts, changes in climate at different geographical scales, overall species richness, long distance dispersal events, or competition or replacement and extinctions of species from different lineages over time (Meiri and Thomas 2007 , Diniz-Filho et al. 2009 , Olson et al. 2009 , Morales-Castilla et al. 2012 . For example, McNab (2010) demonstrates how body size patterns in the large mammalian carnivore Puma concolor could be explained by the presence or absence of a competitor, Panthera onca. How this variety of historical conditions had different effects on the body size-latitude patterns in different taxonomic lineages mostly remains to be investigated.
The comparison of the inter-and the intra-specific results (Table 2) suggest that exploring such historical conditions may be particularly interesting in groups as the Diprotodontia or the Felidae -groups in which the intra-specific sizelatitude cline has been demonstrated, but who fail to display it at an inter-specific level. For groups where speciation appears to have followed a size-latitude cline (as indicated by a significant result in OLS but not in PGLS, such as the Cebidae, Cervidae, the Emballonuridae), the validity of this scenario could in theory be corroborated using fossil taxa. Finally, the fact that in Mustelidae and especially in the Heteromyidae the size-latitude cline is neither present inter-specifically nor in most intra-specific cases suggests that these groups might be candidates to investigate if specific physiological or ecological adaptations can make lineages insensitive to the selective pressures summarized by Bergmann's rule.
Different mechanisms have been proposed to underlie patterns described by Bergmann's rule. Bergmann (1848) himself related it to the more efficient heat conservation in larger organisms -an argument supported by non-linear relationships between body size and temperature in assemblage analyses (Blackburn and Hawkins 2004, Rodríguez et al. 2008) , indicating the relevance of including species from truly cold regions. Other authors have suggested fasting endurance, with larger animals able to withstand seasonal starvation better than smaller animals (Lindstedt and Boyce 1985) , or resource availability, with body size following the productivity of the habitat (Rosenzweig 1968 , Geist 1987 , McNab 2010 , Huston and Wolverton 2011 , as more likely causes. Intra-specific patterns of decreasing size at very high latitudes (Geist 1987, Huston and Wolverton 2011) , as well as our finding that the inter-specific
